BRCA1 is a breast cancer susceptibility gene that is downregulated in a significant proportion of sporadic breast cancers. BRCA1 is posttranscriptionally regulated by RNAbinding proteins, the identities of which are unknown. HuR is an RNA binding protein implicated in posttranscriptional regulation of many genes and is overexpressed in sporadic breast cancer. To investigate the possibility that these two molecules are functionally linked in breast cancer, we performed bioinformatic analysis of the BRCA1 3 ¶ untranslated region (UTR), RNA-protein assays with the HuR protein and the BRCA1 3 ¶UTR, and immunohistochemical analysis of a cohort of breast tumors using antibodies against BRCA1 and HuR. Here, we describe the identification of two predicted HuR-binding sites in the BRCA1 3 ¶UTR, one of which binds specifically to HuR. We also show that this interaction is disrupted by single nucleotide substitutions in the BRCA1 3 ¶UTR and that endogenous HuR protein associates with BRCA1 transcripts in T47D and MCF7 breast cancer cells. Expression of ectopic HuR results in a significant decrease in BRCA1 protein expression and also BRCA1 3 ¶UTR activity. Immunohistochemical analysis revealed that although BRCA1 and HuR expression were associated with some clinicopathologic features of the tumors, there was no statistically significant correlation between BRCA1 and HuR protein expression. These results identify the first posttranscriptional protein regulator of BRCA1 and have implications for understanding BRCA1 regulation in human breast cancer. [Cancer Res 2008;68(22):9469-78] 
Introduction
BRCA1 is a large, nuclear phosphoprotein involved in the maintenance of genome integrity by regulating cell cycle checkpoints, DNA repair, and apoptosis (reviewed in ref. 1) . Accordingly, its expression is tightly regulated (2, 3) . BRCA1 protein levels are reduced in most high-grade sporadic breast tumors (4) , suggesting that disruption of regulatory pathways controlling BRCA1 may contribute to tumorigenesis in these cases. Although the BRCA1 promoter (5) and a number of associated transcription factors (6) have been identified, the identity and function of most of the cis-sequences and trans-factors that regulate BRCA1 expression are currently unknown. Down-regulation of BRCA1 in tumors is associated with disruption of histone acetylation and BRCA1 promoter methylation in 10% to 30% of sporadic tumors (e.g., ref. 7); however, the molecular mechanisms underlying the remaining cases is unclear. Interestingly, reduced levels of BRCA1 protein are not always associated with reduced transcript levels (8) , raising the possibility that disruption of posttranscriptional regulation may contribute in some cases.
Posttranscriptional regulation of mRNA export, stability, translation efficiency, and localization are important gene regulatory mechanisms, particularly for proteins that are required rapidly or transiently in particular environmental conditions, or in particular subcellular compartments. Many cytokines, tumor suppressor genes, and proto-oncogenes are regulated this way, for example: EGF-R (9); TNF-a (10), TP53 (11), and p21 WAF1 (12) . Posttranscriptional regulation often involves interactions between cis-acting elements in the regulated transcripts, and RNA-binding proteins that modulate mRNA dynamics (reviewed in ref. 13) . Cis elements are predominantly located in 5 ¶ and 3 ¶ untranslated regions (UTR), generally consist of loosely defined primary sequences within particular secondary structure contexts, and are often evolutionarily conserved (14, 15) . Among the best-studied of the cis-acting motifs is the AU-rich element, characterized by one or more AUUUA pentamers (15, 16) . Other cis-acting elements include AU-rich motifs (17, 18) and the h-actin zipcode (19) . Several groups have developed searchable online databases for predicting posttranscriptional regulatory motifs (16, 20) .
The BRCA1 5 ¶UTR has been shown to play an important role in regulating BRCA1 translational efficiency (21) and a somatic point mutation in this region has been identified in a highly aggressive, sporadic breast tumor, which dramatically reduced transcript translatability (22) . The BRCA1 3 ¶UTR has also been shown to be functional in previous studies by our group (3); however, the potential role of this region in breast cancer has not been investigated.
HuR is a ubiquitously-expressed RNA-binding protein that regulates the stability and translation of transcripts that function in multiple cellular pathways, such as p21 WAF1 (12) ; COX-2 (23), TP53 (24) , cyclins A and B1 (25) , and p27 (26) . A consensus binding motif for HuR has been described, which is 17 to 20 nucleotides (nts) in length, rich in uridines, and forms a stem-loop structure (27) . HuR has also been implicated in cancer. Overexpression of HuR increases the tumorigenicity of human colorectal cancer cells in nude mice, whereas RNAi or antisense-mediated knockdown has the opposite effect (28) . Furthermore, overexpression and cytoplasmic mislocalization of HuR correlate with tumor grade in breast, ovarian, and colorectal cancers (29) (30) (31) (32) (33) (34) . One study has shown that cytoplasmic HuR is more frequent in tumors from BRCA1 mutation carriers than in tumors from familial, non-BRCA mutation carriers (34) ; however, the molecular basis and significance of this association is not known.
In the present study, we used bioinformatic and biochemical approaches to investigate the hypothesis that HuR is a posttranscriptional regulator of BRCA1. We also performed immunohistochemical (IHC) analysis on a cohort of sporadic human breast carcinomas to look for possible associations between BRCA1 and HuR expression and other clinicopathologic variables.
Materials and Methods
3 ¶ rapid amplification of cDNA ends and sequence analysis. Rattus Norvegicus and Canis Familiaris BRCA1 3 ¶UTR sequences were obtained by 3 ¶ random amplification of cDNA ends using previously described techniques (35) . The Bos taurus Brca1 3 ¶UTR sequence was assembled from expressed sequence tag [EST; CN793654 (nts 1-672), CK982254 (nts 24-695), and BI537972 (nts 357-429)] using BLAST (36) . Other nucleotide sequences and ESTs were obtained from the National Center for Biotechnology Entrez sequence database. 6 Vertebrate sequence conservation analysis was conducted using the University of California Santa Cruz (UCSC) Genome Browser, 7 human AU-rich element-containing mRNA database (16), UTResource 8 , and Transterm 9 were used to analyze the human BRCA1 3 ¶UTR (Y08864) for putative regulatory motifs. Conserved oligonucleotide motifs (14) were located manually. AU-rich sequences were also located manually, defined as adenine/uridine subsequences of at least six nucleotides, containing AUUUA. RNA secondary structure predictions were performed on the full-length BRCA1 3 ¶UTR sequence (Y08864) and RNA probe sequences used in in vitro binding assays using Vienna RNAfold (37) with default prediction variables.
RNA protein binding assays. To make RNA probes, recombinant pGEM-T easy plasmids containing BRCA1 3 ¶UTR subsequences or no insert (vector control) were linearised at the 3 ¶ end of the insert with Sal I or Nco I (Roche), and transcribed in vitro with T7 (sense) or SP6 (antisense) RNA polymerase (Riboprobe; Promega), in the presence of 50 ACi a 32 P-UTP according to the manufacturer's instructions. Full-length RNA probes were purified on 8 mol/L urea, 5% polyacrylamide gels, eluted overnight at 4jC in elution buffer (0.5 mol/L ammonium acetate and 1 mmol/L EDTA), then ethanol-precipitated, washed, and resuspended in RNase-free water.
Protein extracts were prepared from transfected HeLa cells using radioimmunoprecipitation assay (RIPA) lysis buffer as previously described (38) . Analysis of RNA protein interactions was performed by RNAelectrophoretic mobility shift assay (REMSA) as described (3) . Protein extracts (5 Ag) were incubated with RNA probes (1Â10 5 cpm determined by scintillation counting) at room temperature for 20 min. Unprotected RNA was degraded with 5 AL REMSA stop solution [RNase-T1 (Sigma-Aldrich; 5 U/AL), heparin (20 Ag/AL), 60% glycerol, and 0.1% bromophenol blue]. For supershift experiments, 350 ng of a HuR-specific antibody (3A2; Santa Cruz Biotechnology) were added to binding reactions for 45 min on ice, before the stop solution. RNase-resistant RNA-protein complexes were resolved on native 5% polyacrylamide gels and imaged by autoradiography. For UV cross-linking, RNA-protein reactions were processed identically to REMSA reactions (using stop solution without glycerol or bromophenol blue), then treated with UVC radiation (3Â10 5 AJ; 254 nm) for 5 mins on ice, 1 cm from the source. Unlinked RNA was then degraded with RNase A (Sigma; 100 Ag/mL) for 10 min at 37 jC. Proteins linked to radiolabeled RNA were resolved by SDS-PAGE, and then imaged by autoradiography.
Site-directed mutagenesis. Single nucleotide mutations were introduced into a pGEM-T easy plasmid containing BRCA1 3 ¶UTR nucleotides 281 to 315 using the QuikChange mutagenesis kit (Stratagene) according to the manufacturer's instructions. Plasmids were sequenced across the insert by the Australian Genome Research Facility to validate sequence changes (data not shown).
Immunoprecipitation-reverse transcription PCR. Immunoprecipiration-reverse transcription-PCR (IP-RT-PCR) assays were performed as previously described (12) except that extracts were from MCF7 and T-47D breast cancer cells. PCR was performed for 30 cycles, with annealing at 55jC using BRCA1-specific primers: ex20F (5 ¶GAAGTCAGAGGAGATGTG) and ex24R (5 ¶CAGTAGTGGCTGTGGGGG). PCR products were resolved on ethidium bromide-stained 1.5% agarose gels.
Cell Northern analysis. Total RNA was harvested using TriZOL (Invitrogen) according to manufacturer's instructions. RNA was detected by Northern analysis, imaged by Phosphorimaging (Typhoon 9400; Molecular Dynamics), and quantified using ImageQuant software (V 5.0; Molecular Dynamics). BRCA1 mRNA levels were normalized to 18S rRNA and expressed as percentages of the appropriate control. Statistical analysis was performed using paired, two-tailed t tests.
mRNA stability analysis. BRCA1 mRNA stability was determined by measuring the amount of mRNA at various time points after addition of the transcription inhibitor Actinomycin D (ActD). ActD was added 48 h posttransfection with HuR plasmid (see above), and BRCA1 mRNA levels were measured at 0, 1, 2, 4, 6, and 8 h posttreatment by Northern analysis as described above. Membranes were imaged as described above. mRNA half-lives were calculated by linear regression analysis and paired, two-tailed t tests were used to determine the statistical significance of any differences, with P values <0.05 considered significant.
Western analysis. Whole-cell protein extracts were prepared using RIPA lysis buffer as above, resolved on Tris-acetate 3% to 8% polyacrylamide gels (Invitrogen), and BRCA1 protein levels were analyzed relative to h-actin by Western analysis as previously described (38) . Membranes were probed with an anti-HuR antibody (3A2; Santa Cruz Biotechnology; 1:3,000 dilution in 5% skim milk/0.1% TBS-tween 20). Detection was performed with a peroxidaseconjugated anti-mouse antibody (Amersham Pharmacia Biotech) diluted 1:10,000. Protein-antibody complexes were visualized with the enhanced chemiluminescence system (Amersham Pharmacia Biotech).
Luciferase reporter assays. Luciferase reporters used were a pGL3-basic (Promega) BRCA1 promoter-luciferase construct (35) , and a BRCA1 3 ¶UTR-luciferase reporter construct, made by ligating the full-length BRCA1 3 ¶UTR downstream of the luciferase coding sequence in the pSG5 vector (Stratagene). HeLa cells in 24-well plates were transiently transfected with equimolar amounts of luciferase reporter constructs (not exceeding 400 ng), plus 100 ng pFLAG-CMV2 or an equimolar amount of pFLAG-CMV2-HuR, and 20 ng Renilla luciferase. After 24 h of luciferase expression, Firefly luciferase reporter activity was determined relative to Renilla using a Dual Luciferase Reporter Assay kit (Promega) and a Wallac Microh Trilux Luminometer (EG & G Wallac), according to manufacturer's instructions.
Breast tumor study population. IHC analysis was performed on tumors from consenting patients from the Princess Alexandra Hospital in Brisbane, Australia, using protocols approved by local Human Ethics committees. The study cohort consisted of 97 patients whose breast tumor tissue was surgically removed for diagnostic and/or treatment purposes during 1993 to 1994 and for which IHC staining of BRCA1 and HuR was successful, and the majority of which had other clinical information available. This information available from clinical records is summarized in Table 1 .
Tissue microarrays. Breast tissue biopsies were formalin fixed and paraffin embedded (FFPE) using standard techniques, and tumor tissue was distinguished from surrounding normal tissue in H&E-stained sections of each biopsy by a qualified breast pathologist (G.D.F). Tumor tissue cores (0.6 mm) were punched from donor blocks and inserted into two recipient blocks, each containing 145 cores, using a semiautomated tissue microarrays (TMA) instrument (Galileo; Beecher Instruments) and ISETMA software (V1.8; Beecher Instruments). At least 25 cores of normal surrounding tissue from selected biopsy blocks were also inserted into each TMA to serve as reference controls during histopathologic examination.
Immunohistochemistry, histopathologic examination, and statistical analysis. Sections (5 Am) were cut from the TMA blocks containing 97 tumor samples (Table 1) , transferred on to glass slides, deparaffinized, subjected to antigen-retrieval in citrate buffer in a pressure cooker for 5 min, then immunostained using anti-BRCA1 [MS110 (Ab-1); Calbiochem; 1:150 dilution] and anti-HuR [sc-5261 (3A2); Santa Cruz Biotechnology; 1:500 dilution] antibodies, and counterstaining with weak hematoxylin. The specificities of both antibodies had been previously characterized and published for use in IHC on FFPE tissues (4, 29, 30) , and our staining protocols were first optimized on test sections. Staining was performed using MACH 4 (Biocare Medical) according to manufacturer's instructions. Staining was visualized using a Cardassian 3,3 ¶-diaminobenzidine (Biocare Medical).
Analysis of stained sections was performed by a qualified and experienced pathologist (G.D.F). The presence of tumor tissue was first confirmed by examining the hematoxylin counterstain, then all tumor spots were given a score for BRCA1 or HuR expression, calculated from the overall staining intensity and the proportion of cells stained. HuR and BRCA1 expression scores were then aligned with other clinicopathologic variables in a patient database (summarized in Table 1 ). For descriptive purposes only, patients were categorized into negative/weak expression (scores 0-4), moderate expression (scores 5-7), and strong expression (scores [8] [9] . Given the number of clinical variables in our database, we used a multiple linear regression model to mine the data set for associations using the BRCA1 or HuR score as the dependent variable. P values of <0.05 were considered significant. Regression analysis was performed using the statistical package Statistica (V7; Statsoft).
Results
The BRCA1 3 ¶UTR contains a predicted HuR binding sequence. We have previously shown that BRCA1 is posttranscriptionally regulated and that RNA-binding proteins associate with the BRCA1 3 ¶UTR in a cell cycle-dependent manner (3) . In an attempt to identify the cis-elements and trans-factors responsible for this activity, we performed a comprehensive bioinformatic analysis of the BRCA1 3 ¶UTR, including an orthologous sequence comparison, RNA secondary structure prediction, and 3 ¶UTR motif prediction analysis. We also conducted manual searches for three other types of regulatory motif: (a) AU-rich sequences containing AUUUA pentamers; (b) a collection of oligonucleotide motifs that are significantly overrepresented in sets of orthologous 3 ¶UTRs compared with 5 ¶UTRs and coding sequences, suggesting a possible generic regulatory function (14) ; and (c) putative HuR-binding sites. The criteria used for predicting putative HuR-binding motifs were as follows: primary sequence corresponding to the published motif (27) and that the sequence is predicted to form a stem-loop structure, which was also an important feature of the published motif. This analysis revealed a general region of interest located between nucleotides 250 and 350 of the BRCA1 3 ¶UTR (summarized schematically in Fig. 1 ), which we named the putative regulatory region (PRR). It is highly evolutionarily conserved (Fig. 1A and C) , enriched with conserved oligonucleotide motifs (Fig. 1B) , contains two AU-rich regions (Fig. 1B) and two putative HuR-binding motifs (Fig. 1B and C) , one of which is evolutionarily conserved (pHuR-2; Fig. 1C ). The predicted stem-loop structures formed by the HuRbinding motifs are shown in Fig. 1D . The PRR was also predicted to contain a differentiation control element (DICE) motif (Fig. 1B) ; however, this element was not conserved across species and evidence suggests functional DICE motifs normally occur in multiple copies (39) .
The predicted HuR binding sequence in the BRCA1 3 ¶UTR forms RNA protein complexes with proteins including HuR. To address the validity of the predicted HuR-binding motifs (pHuR-1 and -2), we conducted in vitro REMSA. As shown in Fig. 2B , the minimal requirements for RNA protein complex (RPC) formation were contained within BRCA1 3 ¶UTR nucleotides 281-315, which corresponds to pHuR-2 plus 15 nucleotides of downstream sequence. Interestingly pHuR-2 alone (the 281-301 probe) was not sufficient for RPC formation.
To test whether HuR was contained within the RPCs, a HuRspecific antibody was used in a super-shift assay. This resulted in a slower-migrating complex (Fig. 3A, SS) , which was even more strongly detected when protein extracts from HeLa cells expressing ectopic HuR were used. To test whether the association by HuR was direct (RNA-HuR interaction) or indirect through another RNAbinding protein, we performed UV-cross-linking analysis on protein extracts of empty vector and pFLAG-HuR transfectants with analysis of the RNA-linked proteins by SDS-PAGE. As shown in Fig. 3B (i) , a 36-kDa protein (equivalent to the size of endogenous HuR) was detected using extracts from pFLAG-transfected cells, whereas a slightly larger protein corresponding to the size of FLAG-tagged, ectopic HuR, was very strongly detected using extracts from pFLAG-HuR transfectants [ Fig. 3B (ii) ]. These results suggest that HuR is one of the proteins within BRCA1 3 ¶UTR RPCs, and that it binds directly to nucleotides 281-315. To further characterize the HuR binding region in the BRCA1 3 ¶UTR, we introduced several single nucleotide changes into the 281 to 315 probe and tested the protein-binding capacity with and without addition of the HuR antibody. Two of the mutated probes (289U!G and 293U!G) had significantly reduced protein-binding activity, including reduced binding in supershift assay performed with a HuR antibody (Fig. 3C) . We also verified the specificity of this interaction using recombinant HuR protein, which associated with the probe, whereas an unrelated recombinant RNA-binding protein (poly CMP-binding protein-1; CP1) did not (data not shown). Notably, nucleotides 289 and 293 are both located in the predicted loop structure formed by the pHuR-2 motif and the 289U?G mutation is predicted to change the size of this loop (Fig. 3D) .
Endogenous HuR and BRCA1 mRNA are binding partners. The results of in vitro RNA-protein binding assays strongly suggest an association between exogenous HuR and BRCA1 RNA probes. To determine whether this association also occurs between endogenous HuR protein and BRCA1 transcripts, we performed an IP-RT-PCR assay. Using an anti-HuR antibody and BRCA1-specific primers, we were able to show that endogenous HuR coimmunoprecipitates with BRCA1 mRNA in MCF7 and T-47D Figure 1 . The BRCA1 3 ¶UTR contains evolutionarily conserved sequence motifs, including putative HuR-binding sites. A, vertebrate Multiz conservation plot (from UCSC genome browser; see Materials and Methods) indicating the degree of evolutionary conservation of BRCA1 3 ¶UTR sequences (relative to the human orthologue). B, distribution of conserved oligonucleotide motifs (conserved O.M. ) and putative regulatory elements predicted using manual searching or 3 ¶UTR regulatory motif search tools (see Materials and Methods). An Alu repeat element is shown for reference. A conserved subsequence surrounding a cluster of putative regulatory motifs (235-351) was selected for further analysis. Nucleotides (nts ) are numbered from the first nucleotide after the stop codon. C, evolutionary BRCA1 3 ¶UTR sequence comparison. The human BRCA1 3 ¶UTR sequence (Entrez accession Y08864) was aligned against the orthologues listed using BLAST and ClustalW alignment tools. Gray, conserved nucleotides. Human 3 ¶UTR nucleotide positions are indicated for reference. The two putative HuR-binding motifs (pHuR-1 and -2 ) are outlined. D, predicted BRCA1 3 ¶UTR RNA secondary structure surrounding the pHuR motifs. Solid gray lines, predicted stem-loop structures formed by the HuR-binding motifs are indicated by.
breast cancer cells (Fig. 4, beads) . Conversely, BRCA1 PCR products were undetectable using antibodies against the unrelated protein Glutathione-S-transferase (GST), or unrelated RNA-binding protein CP1, or when no antibody was used. PCR products were amplified from all supernatants after the IP, indicating that the negative IP results were not simply due to an absence of BRCA1 mRNA in those extracts (Fig. 4, S/N) . PCR products were undetectable in control lanes ( Fig. 4 ; no RT), indicating that amplification was RNA dependent. These results provide clear evidence that HuR associates with BRCA1 mRNA in the breast cancer cell lines MCF7 and T-47D.
HuR regulates BRCA1 posttranscriptionally. Given that HuR associates with BRCA1 mRNA in vitro and in breast cancer cell lines, we hypothesized that HuR may regulate BRCA1. To address this possibility, we investigated the effect of overexpressing HuR on the regulation of BRCA1 mRNA stability, mRNA levels, protein expression, and 3 ¶UTR function. As shown in Fig. 5A , expression of ectopic HuR in HeLa cells resulted in a slight increase in endogenous BRCA1 mRNA stability (half-life from 6.29-7.04 hours), although this was not statistically significant. Consistent with this, we found no significant difference in BRCA1 mRNA levels (Fig. 5B) . Overexpression of HuR did however result in a significant decrease in BRCA1 protein levels in HeLa cells (Fig. 5C ). This was observed in multiple independent experiments and was not associated with any change in BRCA1 protein stability (data not shown). We also tested the effect of HuR on BRCA1 3 ¶UTR activity and observed a decrease in luciferase reporter activity to f42% compared with cells not expressing ectopic HuR (P < 0.0001; Fig. 5D ). Taken together, our results suggest that ectopic HuR regulates BRCA1 posttranscriptionally and that it is likely to be mediated, at least in part, by the BRCA1 3 ¶UTR. Furthermore, the data raise the possibility that HuR negatively regulates BRCA1 translation. 11-14 ) . NS, free riboprobe or nonspecific-binding complexes. Equal amounts of HeLa protein extract (+) or no protein (À) were incubated with radiolabeled RNA probes (equal activities), and any RPCs that formed were resolved by native PAGE, then imaged by autoradiography. Figure 3 . BRCA1 3 ¶UTR RNA-protein complexes contain HuR. A, supershift-REMSA analysis with the BRCA1 3 ¶UTR 281-315 probe. Equal amounts of radiolabeled 281-315 RNA probe were incubated with equal amounts of protein extracts from pFLAG-or pFLAG-HuR-transfected HeLa cells. A HuR-specific antibody was added to reactions 3 and 5. Any RNA protein or RNA protein-antibody complexes that formed were resolved by native PAGE, then imaged by autoradiography. Arrowheads, a HuR-containing complex in reaction 4 (HCC), and a higher molecular weight complex in the reactions containing the anti-HuR antibody (SS ). NS, free riboprobe or nonspecific-binding complexes. B, SDS-PAGE analysis of proteins in BRCA1 3 ¶UTR RPCs. Equal amounts of the 281 to 315 probe were incubated alone (no prot. ), or with equal amounts of protein from pFLAG or pFLAG-HuR transfectants. RPCs were then covalently linked by UVC irradiation, and proteins cross-linked to the radiolabeled probe were resolved by SDS-PAGE. Arrows, proteins corresponding to the masses of endogenous (i) and FLAG-tagged HuR (ii ). C, analysis of RPC formation by mutated 281 to 315 sequences relative to wild-type sequence by REMSA. Assays were conducted as above using either wild-type or mutated 281-315 RNA probes, and protein extracts from pFLAG-HuR transfectants. Arrowheads, HCC and complexes that were supershifted by addition of the HuR antibody. NS, free riboprobe or nonspecific-binding complexes. D, predicted BRCA1 3 ¶UTR RNA secondary structure after mutagenesis of nucleotides 289U!G or 293U!G and compared with the wild-type. Arrows, mutated nucleotides. Solid gray lines, predicted stem-loop structures formed by the HuR-binding motifs.
Association of BRCA1 and HuR protein expression with clinicopathologic variables in sporadic breast cancer patients. BRCA1 and HuR are both dysregulated in a significant proportion of breast cancers (4, 31) . Given our in vitro data indicates HuR regulates BRCA1 expression, we decided to investigate if there is an association between the expression of these two proteins in breast tumors, by performing immunohistochemistry (IHC) analysis on a cohort of 97 sporadic breast tumors using tumor microarray (TMA) (Fig. 6 ). The clinical cohort had a median age of 52 years with f2/3 over 50 years, and an even distribution of tumor in all pathologic grades. The clinical samples were mostly ductal carcinomas (85%) and included patients with and without nodal disease, which were predominantly estrogen receptor (ER) positive (f71%) and progesterone receptor positive (f67%; Table 1 ). BRCA1 and HuR protein expression levels were scored semiquantitatively (see Materials and Methods). We found that f26% of all patients showed negative or weak BRCA1 staining, 40% had moderate staining, and 34% stained strongly with the BRCA1 antibody. For HuR, only 4% stained weakly, 22% moderately, and the majority (74%) showed strong HuR immunoreactivity (Fig. 6A) . Using a multiple linear regression model, we found significant associations between BRCA1 expression and ER expression and tumor grade (Fig. 6B) . However, we did not observe any significant associations between BRCA1 expression and HuR staining intensity, or other disease or tumor features. Using HuR as the dependent variable, high HuR expression was significantly associated with tumor grade, and also with HER2 negativity. No association with BRCA1 staining, or other disease or tumor features, was evident.
Discussion
Somatic mutation of the BRCA1 gene is a rare event in breast cancer development, yet BRCA1 protein levels are reduced in a significant number of high-grade sporadic breast tumors, suggesting that regulatory defects in BRCA1 may be important in sporadic breast cancers. Disruption of histone acetylation and BRCA1 promoter methylation is associated with down-regulation of BRCA1 in 10% to 20% of sporadic tumors; however, the mechanisms underlying down-regulation in the majority of sporadic cases are currently unknown. We have previously shown that BRCA1 can be regulated posttranscriptionally and that a number of RNA binding proteins associate with the BRCA1 3 ¶UTR in a cell cycle-dependent manner (3) . In this paper, we sought to comprehensively analyze the 3'UTR of BRCA1 in an attempt to identify critical cis-active elements and putative trans-acting proteins that can regulate BRCA1 and whose disruption in sporadic breast tumors could account for the reduced BRCA1 protein levels in these cases.
Bioinformatic analysis of the BRCA1 3 ¶UTR revealed the presence of predicted HuR-binding sites. Our predictions of HuR-binding sites (pHuR-1 and pHuR-2; Fig. 1C and D) were based on a previously described motif, which was computationally derived from a set of mRNAs that copurified with HuR, then experimentally validated (27) . In this study, in vitro validation experiments showed that pHuR-2, but not pHuR-1, bound specifically and directly to a group of RNA-binding proteins (Fig. 2) , one of which was HuR (Figs. 3 and 4) . Interestingly however, pHuR-2 alone was not sufficient for HuR binding, with the minimal probe tested (nts 281-315) including an extra 15 nt of downstream sequence. Secondary structure analysis predicts that the 281 to 315 sequence forms a full stem-loop structure. Notably, the predicted structures of pHuR-1 and pHuR-2 are the same in the contexts of the full-length 3 ¶UTR sequence, and mutations of nucleotides predicted to map to the pHuR-2 loop abrogate HuR binding (Fig. 3D) . Therefore, our data suggests a stem-loop structure is likely to be an important requirement for HuR binding, consistent with the findings of López de Silanes and colleagues (2004) .
We also show that BRCA1 is posttranscriptionally regulated by ectopic HuR in HeLa cells (Fig. 5 ). Transcription and transcript 5, 9, and 13) , anti-HuR (lanes 2, 6, 10 , and 14), anti-CP1 (lanes 3, 7, 11, and 15) , or anti-GST (lanes 4, 8, 12 , and 16) antibodies (Ab ), and the resulting immune complexes were precipitated using protein A and G beads. Copurifying RNA was amplified by RT-PCR using BRCA1 -specific primers. RNA that was not bound to immunoprecipitated material (S/N ; lanes 1-4 ) was used as a positive control to verify the presence of BRCA1 mRNA in the extracts. IP-RT-PCR with beads alone (lane 5 ), no reverse transcriptase (lanes 9-16 ), and water alone (lane 17) were included as negative controls. Arrow, a BRCA1-specific PCR product.
half-life studies indicated minimal if any changes in mRNA stability or transcript levels but a significant decrease in BRCA1 protein, raising the possibility that HuR negatively regulates BRCA1 translation. There is certainly precedence for a translation inhibitory role of HuR; for example, HuR expression negatively regulates the translation of p27 and Wnt-5a (26, 40) .
HuR binds several mRNAs implicated in tumorigenesis, including Cox-2 and p27 (23, 26) , and has been shown to promote cell proliferation, migration, and invasion (41) . Most relevant to the present study is the demonstration that HuR is overexpressed in a significant number of primary human breast cancers (29, 30) . To determine whether overexpression of HuR correlates with low BRCA1 protein levels in the same tumors, we analyzed the expression of both proteins in a cohort of breast tumors and compared the expression with a number of clinical features using statistical methods. The validity of the approach was supported by Figure 5 . HuR regulates BRCA1 posttranscriptionally and confers negative regulatory activity on the BRCA1 3 ¶UTR. A, BRCA1 mRNA stability assay in HeLa cells transiently transfected with empty pFLAG vector or a pFLAG-HuR expression construct. Transfectants were treated with the transcription inhibitor ActD for 0, 1, 2, 4, 6, or 8 h, then whole cell RNA was analyzed for BRCA1 mRNA levels relative to 18S rRNA by Northern analysis. Blots were quantified by phosphorimaging, and the results are presented as BRCA1 :18S ratios relative to the amounts present at time 0 h. BRCA1 mRNA half-life (t1/2) was calculated by linear regression analysis as the time taken for half the original amount of mRNA to decay. Points, means from three different transfections; bars, SE. Inset, representative Western blot demonstrating expression of the FLAG-HuR protein. B, Northern analysis of BRCA1 mRNA levels in HeLa cells transiently transfected with pFLAG or pFLAG-HuR. BRCA1 mRNA level was quantitated relative to 18S rRNA by phosphorimaging. Columns, mean from three transfections; bars, SE. C, representative Western blot showing HuR and BRCA1 protein expression in HeLa cells transiently transfected with 250 ng of pFLAG or pFLAG-HuR (per well of a 6-well plate). Endogenous (En) and ectopic, FLAG-tagged HuR (Ec ) are indicated. h-Actin was used as a protein loading control. Molecular mass is shown in kDa. D, BRCA1 3 ¶UTR regulatory activity reporter assay. HeLa cells were transiently transfected with empty pFLAG or pFLAG-HuR, plus either empty pLuc reporter plasmid (containing the Firefly luciferase coding sequence) or a 3 ¶UTR reporter construct (pLuc-3 ¶UTR; containing the full-length BRCA1 3 ¶UTR cloned immediately downstream of luciferase). Firefly luciferase activity was determined relative to a cotransfected Renilla luciferase internal control and expressed as a percentage of the matching pLuc empty vector control. Columns, mean of four independent experiments; bars, SDs. P values were determined with a two-tailed t test. *, P < 0.0001 compared with pFLAG in pLuc-3 ¶UTR-transfected cells.
finding some previously reported associations, including an association between BRCA1 and ER (42) and an association between HuR and tumor grade (29, 30) .
Comparison of HuR and BRCA1 in all tumors however revealed no statistically significant correlation. It is possible that the tumor cohort analyzed in this study is not large enough to give sufficient power to identify all significant association between our expression data and patient and tumor characteristics. The lack of association between BRCA1 expression and tumor grade supports this. Therefore, it will be interesting to see whether any association between BRCA1 and HuR is observed in future studies using larger cohorts of patients. It is also possible that HuR is not associated with BRCA1 expression in a causative relationship in breast cancer and that they are instead important independent collaborating contributors to initiation and/or progression of sporadic breast tumors.
An alternative hypothesis is that HuR does down-regulate BRCA1 expression in vivo, which would contribute to tumorigenesis, but that this only occurs in the early stages of breast cancer development. Once this tumorigenic event has occurred, other BRCA1 regulators or events could simultaneously be induced in an attempt to compensate for BRCA1 loss, resulting in reestablishment of BRCA1 expression and, hence, the loss of association between the two proteins in end-stage tumors. That germline mutations in BRCA1 confer susceptibility to breast cancer (1) is evidence that defects in BRCA1 contribute to early event in breast tumorigenesis. Furthermore, tumors arising in BRCA1 mutation carriers, which later acquire resistance to platinum compounds, do so by reestablishing BRCA1 expression through secondary mutations (43) , supporting the notion that sustained loss of BRCA1 is not required for tumor maintenance. Considering these factors, the lack of correlation of expression may not be informative in terms of the role of HuR in BRCA1-mediated tumorigenesis and, thus, does not necessarily reduce the significance of the functional relationship between these two molecules. Generation and analysis of mouse models in which HuR is overexpressed specifically in the mammary gland may enable this hypothesis to be further addressed in the future.
In summary, we show for the first time that HuR binds to a conserved HuR binding site in the BRCA1 3 ¶UTR and that HuR posttranscriptionally regulates BRCA1 expression. Given the key role of BRCA1 in breast tumorigenesis, further studies to fully elucidate the role of posttranscriptional regulation in the expression of BRCA1 mRNA, including defining the precise role of HuR and other trans-acting molecules, will provide considerable insight into the mechanisms underlying development of breast cancer.
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